In the context of the present study the structural pattern in the Western Thessaly Basin (Greece) has been examined, based on structural data collected from the entire study area that were further correlated to the hydrographic network. The structural pattern of the area was revealed from tectonic analysis. Additionally, the topography, stratigraphy and sedimentology of the study area were taken into account. GIS techniques were used to map the spatial distribution of the geological and tectonic features on the topographic relief of the area. The oldest structures are contractional in nature, deformed by normal faulting related to the extensional episodes initiated in Serravallian times. It is inferred that the orientation of the stress field in the area has changed several times: the N-S stress field which was dominant during Late Serravallian times changed to NW-SE (MessinianZanclian) up to E-W in Zanclian and subsequently to roughly NNW-SSE (in late Piacencian). The NE-SW stress that was dominant in Pleistocene became N-S in later times. In addition, some changes in orientation are also indicated for the transitional periods of the pre-mentioned extensional episodes, possibly related to local events, or as a block-related deformation. The development of the 7 th order streams is probably related to the N-S extensional faulting initiated in Pliocene times, while the dominant direction of the 6 th , 5 th and 4 th order streams is possibly connected with the presence of the NNE-SSW and NW-SE extensional faults. Finally, the lower order streams are probably related to the most recent E-W striking normal faults.
Introduction
Landscape is the result of the interaction between tectonics, climate and lithologies [1] [2] [3] . Tectonic forces are capable of modifying the hydrographic network [4] [5] [6] [7] [8] . A fault is a discontinuity along which fluid circulation and mechanical crunching have reduced rock strength (e.g. causing fault gouge and fault breccias). Due to higher erodibility, faults are often followed by rivers, creeks, gullies, passes or gentle slope variations.
The Province of Thessaly is situated in Central Greece. It comprises the most extensive smooth-relief area in the Greek peninsula, delimited to the North by the Hasia, Titaros and Olympus Mountains, to the East by Ossa and Pilio Mountains and the Aegean Sea, to the South by Orthrys Mountain and to the West by Pindos mountain range [9] [10] [11] [12] [13] . Internally, the Plain of Thessaly is divided by a low-lying hilly area, as the Western (Plain of TrikalaKarditsa) and the Eastern parts (Plain of Larisa). The Pinios (Peneus) River drains the entire Basin of Thessaly and discharges into the Aegean Sea, where it forms a delta (Fig. 1A) .
Thessaly geologically extends through the Internal Hellenides [14, 15] to the east (Pelagonian isopic zones and the tectonic window of the Olympos-Ossa unit) and the External Hellenides to the west (Subpelagonian, Pindos isopic zones and Koziakas unit) [10, 11, [16] [17] [18] [19] . The External Hellenides were built up by Alpine thrust tectonic events, migrated progressively westward, and continued to affect the most easterly zones left behind. Simultaneously, Central Greece remained in an intra-plate and intra-continental status and was affected by an extensional regime, as evidenced by numerous normal and oblique slip faults. Alluvial deposits that form extensive plains cover most of the eastern and western part of the area. The hill range that divides the Thessally Plain into two regions consists of tertiary gravel beds and is oriented NW-SE.
The present work aims towards a better understanding of the geological and tectonic conditions in the Western Thessally Basin (Fig. 1A) and a further correlation of the tectonic features with the hydrographic network. Information concerning the stratigraphy of the study area, its drainage network, structural elements and sedimentary data were combined using GIS. GIS enabled both the visualization of the results and contributed to the spatial analysis and correlation among the various geological features. Hence, the present work tries to address the following questions: 1) How strong is the control of recent tectonic activity on the development of the hydrographic network; 2) What are the orientations of the recent lineament systems that facilitated the river development.
The study area (Fig. 1B) is part of the Western Thessaly Basin. It covers 264.12 km 2 with altitudes varying from 114 to 1,649 m above mean sea level (m.s.l.). The southern mountain range of Pindos, as well as the mountains of Koziakas, Hasia and Antihasia form the relief of the study area. The upper route of the Pinios River and its main tributary Lithaios flow through the study area (Fig. 1B) . The hydrographic network is well developed with significant surface run off.
The geological structure of the area (Fig. 2) comprises preAlpine, Alpine and post-Alpine formations. The Alpine formations belong to the Pindos and Sub-Pelagonian zones, as well as to the Koziakas unit. The Pindos zone consists of flysch, while the Koziakas unit comprises Mesozoic limestones and schist-chert formations. The SubPelagonian zone consists of flysch, limestones and ophiolites. The post-Alpine formations, from the older to the more recent, are composed of Eocene to Miocene molassic formations of the Mesohellenic trench, and Quaternary deposits. The Molassic sediments are mainly marls, limestones and conglomerates. The Quaternary deposits comprise recent loose alluvial material such as sand, clay, silt, gravels, pebbles, etc., as well as talus cones and scree [20] . The alluvial deposits represent a significant mantle of beds in the rivers and the streams, and consists of upwards fining and thinning sedimentary sequences. Structures included in these units are marking-well the 
Data and Methodology
The present study was carried out using the following sources of information:
1. A topographic map (1:50,000 scale) from the Hellenic Military Geographical Service (HAGS).
2. A geological and lineament map [20] [21] [22] of the study area (1:50,000 scale).
3. Detailed stratigraphic and tectonic mapping that was conducted during three periods, namely, in the study area in the summers of 2009, 2010 and 2011.
GIS software was used to produce every data layer map. The geological map of the study area ( Fig. 2) was updated using the existing geological map [20] and field observations. Tectonic features, recorded and measured during the fieldwork, were depicted in topographic maps at a proper scale and were subsequently digitized. Additionally, these layers -the stratigraphy; the structural pattern; the lineaments, derived from previous studies [21] [22] [23] [24] ; the hydrographic network using the topographic sheet as data source; and the road network supplement to the database -were created in the context of the present work. The hydrographic network was subdivided into fluvial segments of increasing hierarchical order according to the Strahler method [25] . This approach appoints all headwater tributaries as first order. Two first order channels produce a second order stream, two second order a third order stream and so on. Morphostructural analysis allows for qualitative evaluation of the relationships between the tectonic structure and the hydrographic network. The structural pattern, the lineaments and the drainage network were digitized and processed based on their linear characteristics and, more specifically, on their direction. Rose diagrams present principal directions of the tectonic elements and different orders of the streams, and were produced using Rose Diagram ArcScript, an ArcGIS software program. Next, rose diagrams were compared to assess the correlation between the strikes of the tectonic structure and of the hydrographic network. It should be mentioned that the lengths of the linear features were not taken into account for the direction-calculation using the rose diagrams. Tectonic analysis was performed using FP Tectonics.
Field work and consequent analysis were carried out applying well established techniques [26] [27] [28] [29] [30] [31] . Data were collected from restricted sites, according to stratigraphic units, to facilitate the chronological distinctions between the different tectonic phases. In the cases where two generations of faulting were present in the same site, they were divided before any numerical analysis. This separation is necessary since two fault systems are often not mechanically compatible. This operation was carried out using 1) a simple criterion of relative overprinting between two generations of striae [32, 33] , 2) geometric and morphotectonic elements such as the strike, dip and plane of the faults, the presence of recent screes, facets and fault scarps, and 3) the relative dating of the small river branches. We have attempted to avoid non-tectonic stresses, stresses of local origin, and local rotations of the stress field due to inhomogeneities in the uppermost continental crust. Concerning shear planes (i.e. faults and dislocated pebbles), several methods were used for the structural analysis of each site [33] . First, a graphical approach using a directional histogram for planes was an important check on the mechanical compatibility between families of faults.
The angle of deviation in all cases was less than 10
• . The former analysis was mainly applied using the right dihedrons method and, circumstantially, the P and T axes [33] . Both analyses provide not only the three principal axes of the stress field, but also some index, such as the mean standard deviation or angular deviations, which indicates the reliability of the result itself.
Results and Discussion

Structural Data
Cross-cutting relationships between members of different fault systems, morphotectonic features, and overprinting criteria were used in order to classify both compressional and extensional structures, and related stress field patterns. The results of fault plane analysis, plus fault strike classification and correlations to similar studies in the study area, are shown in Table 1 and in Figure 4 . In the present study the oldest compressional structures, recorded in the Alpine formations, present a NE-SW trending general strike of Alpine deformation, resulting from a NW-SE trending stress field (Figs. 2, 4, 5a ). Another distinct compressional phase is the one reported by [33] for the Early Aquitanian-Langhian, generally trending ENE-WSW and rarely E-W (Figs. 2, 4, 5b) . According to [33] the ENE-WSW trending compression is of Oligocene age. The above-mentioned stress fields and their related compressional tectonics are also supported by other authors [32, [34] [35] [36] for Crete and might be associated with crustal thickening which continued probably until some weakly-defined time in the middle Miocene. Normal fault systems are indicated in the study area, i.e. late Serravallian-early Tortonian, late Messinian, middlelate Zanclian, early Piacenzian, late Piacenzian to early other studies (B: [44] ; A: [37] ; Me: [45] ; M: [32, 38] ; C-P: [33] ; Fr: [46] ; T-P: [36] ; Fa: [47] , K-K: [48] ) as well to the rose diagrams corresponding to the striking of the streams. Time scale according to the 2009 Geological Time Scale (The Geological Society of America).
Pleistocene, and, finally, Holocene times to Recent, depicting the above-mentioned tectonic episodes. Again, the results of the tectonic fault plane analysis, the fault strike classification and the correlation to similar studies in the Western Thessaly Basin are shown in detail in Table 1 and in Figure 4 .
In Figure 4 , the first group corresponds to the N-S trending extension and it includes roughly E-W trending faults, showing dips in the range of 50 -80
• , active during late Serravallian and/to early Tortonian times (Fig. 4) . [37] supported that large normal block faulting probably became dominant in Serravallian times. Fault surfaces and kinematical indicators of these faults are not well preserved.
The second group (NW-SE trending extension), belonging to the N40E (to N60E) trending faults, presents angle • and a normal dip slip component. These faults mainly cut the older, preNeogene and Neogene rocks (Fig. 2) while they are intersected by the N-S faults of the next group. This episode was reported for the first time by [32] , who proposed a similar direction of extension, occurring during the latest Miocene and later by [33] for the Thessaly Basin.
The third and the fourth groups (Fig. 4) , corresponding to extensional structures, belong to the N00E-N20E and to the N60-80E trending faults, respectively. Both groups present generally high angle surfaces (70
• -80 • ), except for a small number of faults belonging to the fourth group that show medium (50
• -60 • ) and a normal dip slip component. These members deformed the older generations of faults (Fig. 2) and are mainly related to Pliocene tectonic activity. Based on kinematic indicators, some members of the N00E-N20E trending faults show a newer normal motion, probably related to younger normal re-activation, affecting both ophiolites and red-beds (early Pleistocene).
The fifth group of extensional structures includes N320
• to N340
• trending faults showing medium/high angle surfaces (60
• -70 • ) and a normal dip slip component (Fig. 4) . These are large-scale NW-SE striking faults, associated with late Piacenzian to earliest Pleistocene NE-SW trending tectonic activity. According to [33] , evidence for the NE-SW oriented extension has never been found in sediments younger than Pliocene, even though such sediments have been observed all over Thessaly. Their upper age limit is placed between the Pliocene and the Pleistocene. Structural analysis in other sectors of the Aegean domain has revealed the existence of a similar deformational phase with a NE-SW extensional direction. Some authors indicate a Pliocene-Early Pleistocene age for this phase [32, [38] [39] [40] . The sixth group includes the youngest members, belonging to the N80
• -N100
• trending faults (Figs. 2, 4, 5c ), related to N-S trending extension. They appear in parallel synthetic or antithetic arrays, with high angle surfaces and a normal dip slip component. Faults belonging to this group intersect all of the above-mentioned faults and are probably associated with the radial extension dominating in the southern Aegean area [41] . Regarding the upper age limit, some data sets belonging to this group have been collected in Pleistocene red-beds. In addition, some normal E-W trending faults have also been noted in Upper Pleistocene and Holocene alluvial deposits [42] , and observed in Kaloneri, village, and to the north of this area, implying extremely recent movements. This group is also found in adjacent areas covered by Holocene sediments. Finally, some members of this group may present a small and not well defined strike-slip motion (e.g. at Vasiliki and north of Katalymma).
The Hydrographic network
In the study area, the main stream of the Pinios hydrographic network has a braided channel pattern, while the riverbed is wide and the depth is small. The coarse sediment transport and deposition rates are very high, creating a riverbed that mainly consists of pebbles and coarse gravels (Fig. 3) . The drainage network is of seventh order (Fig. 6) , while its pattern is combined, parallel, and Figure 6 . The hydrographic network of the study area and rose diagrams corresponding to the observed extensional tectonic pattern (red). The orientation of the streams, the lineaments, and, finally, the faulting are shown using GIS analysis.
in some parts dendritic. In the central part of the study area the streams follow a NNW-SSE or NW-SE direction. The Pinios River and its main tributary, the Lithaios River, flow in parallel channels. It should be mentioned that the study area is located far from the Aegean Sea (Fig. 1A ). So the sea base level changes would not have affected the area.
The involvement of active tectonism as destruction's origin is preserved in the region, and it is exhibited in the development of the tectonic geomorphology of river basins, evident as erosional features; and from which mountain ranges are generated as residual features. Tectonic geomorphology involves the processes of tectonism, erosion and deposition in a region [6, 43] . Deformation patterns of geological weaknesses, for example, a lineament distribution pattern, originate from tectonism and should govern the development of the stream network in a region, forming a distinct river basin.
The effect of tectonics on the hydrographic network development here was evaluated by correlating the direction of the tectonic pattern (normal faults, lineaments) with the flow direction of the streams (Figs. 6, 7) , as well by taking into account the cross-cutting relationships between the members of the different fault systems and the streams of the hydrographic network.
The morphostructural analysis highlights a good correspondence between the streams' directions and some trends in the tectonic pattern. The plot of the rose diagrams in Figure 6 shows a maximum concentration of the 1 st and 2 nd order stream directions oriented E-W (N70 • -90
• ). All other directions appear in the diagram with smaller rates. This direction matches the strike of the lineaments. The 3 rd , 4 th and 5 th order streams follow a NW-SE flow direction. This direction is parallel to NW-SE striking faults. The dominant orientation of the 6th order streams is NE-SW to NNE-SSW and matches the trend of lineaments. Finally, the drainage direction again alters from NE-SW (NNE-SSW) to NNW-SSE in the 7 th order streams.
Extensional structures are mostly responsible for the configuration of the hydrographic network in the study area (Fig. 7) . E-W is the main orientation of the most recent morphological discontinuities affecting 1) the NW-SE striking streams (Locations: 1a, 7 th order stream, 1e, 2 nd and 3 rd order streams), 2) the NE-SW striking streams (Location: 1d, 4 th order stream), 3) the NNW-SSE striking streams (Location: 1b, 2 nd order stream) and 4) the N-S striking streams (Location: 1c 1 , 2 nd order stream)
The N-S striking fault system affects E-W striking streams (Location: 4a from reactivation, 1 st and 2 nd order streams), while the NNW-SSE affects 1) E-W striking streams (Location: 2a from reactivation, 5 th order stream), 2) NE-SW striking streams (Locations: 2b, 5  th order stream and 1c,  7 th order stream) and 3) NW-SE striking streams (Location: 3a, 7 th order stream).
The NW-SE striking fault system probably controls 1) NE-SW striking streams (Location: 3b, 3 rd and 4 th order streams) and 2) N-S striking streams (Locations: 3d, 7 th order stream). Finally, the NE-SW tectonic elements locally control NW-SE striking streams (Location: 3e, 7 th order stream).
Conclusions
In the present study qualitative tectonogeomorphological analysis in the western part of Thessaly in Central Greece was applied to correlate the structural pattern with the hydrographic network. The beginning of stretching and basin formation in the study area are related to N-S trending extension of Serravallian age, acting up to the late Miocene. In the late Messinian-Pliocene NW-SE trending extension affected the study area, interrupted by E-W trending extension in Zanglian times. The initiation of the Pinios basin formation is possibly related to E-W trending extension. In the early Pleistocene the NW-SE trending faults superimposed on older ones and they further shaped the landform. The N-S trending extension (Pleistocene-Holocene) affects recent deposits, originating with synchronous tectonic movements. Thus, the change in the course of Pinios River is mainly due to active tectonics, while the drainage network of the area continues to develop according to the main orientations of the successive extensional fault systems. More specifically:
1. The main tectonic lineament systems are: E-W, NE-SW and NW-SE. Regional fault movement has determined rearrangements of the drainage network.
2. The E-W striking tectonic elements affect the orientation of all streams even those trending NNW-SSE and N-S.
3. The NNW-SSE trending tectonic elements, probably reactivated, affect the E-W, NW-SE and NE-SW flow orientations of the streams.
4. The NW-SE striking tectonic elements affect streams showing NE-SW flow orientation.
An important control of the drainage network by tectonics is revealed in abrupt orientations of streams. The findings of the present study should be taken into account for the characterization of this region under the control of active tectonism, especially regarding area development planning.
